R ice is an important cereal crop in the midsouthern United States, where it is produced in a drill-seeded, delayed fl ood production system. Similar to other cereal crops, rice is a grass that produces seed on a panicle that is supported by a culm. When the culm does not have suffi cient strength to support the developing panicle, rice becomes susceptible to lodging. Lodging is a highly undesirable trait for rice as it slows harvesting operations, negatively impacts grain quality, and reduces grain yield . Salassi et al. (2013) observed reductions in both whole grain rice milling yields (30.2 to 55.3 g kg -1 ) and total rice grain milling yields (7.8-10.9 g kg -1 ) when rice was manually lodged 5 to 7 d before fi eld drainage or 1 wk before harvest maturity. Modern, semi-dwarf rice varieties are generally considered to be more resistant to lodging than older tall varieties . However, variety trial data indicates that many modern, high-yielding cultivars are highly-susceptible to lodging . High of N fertilizer are oft en associated with increased lodging (Basak et al., 1962) , but limiting N fertilization in an eff ort to minimize lodging may severely limit the yield potential of modern rice cultivars . Alternative management strategies to limit plant height and reduce lodging without limiting N fertilization rates may be benefi cial to rice production systems. An alternative management practice to limit lodging in rice is the potential use of growth regulators. Trinexapac-ethyl [4-(cylopropyl-a-hydroxymethylene)-3,5-dioxo-cyclohexanecarboxylic acid ethylester] is a growth regulator that was recently labeled for use in rice. Trinexapac-ethyl is a foliar absorbed cyclohexanedione that has been shown to inhibit shoot growth in plants (Unan et al., 2013) . Trinexapac-ethyl is also a gibberellic acid (GA) biosynthesis inhibitor that inhibits the conversion of GA 19 to GA 20 in the GA pathway, limiting internode length which results in increased stalk strength and ultimately reduced lodging. Trinexapac-ethyl is currently marketed commercially as Palisade EC (Syngenta Crop Protection Inc., Greensboro, NC). Palisade EC is also registered for use in a number of cereal crops including, wheat (Triticum aestivum L.), barley (Hordeum vulgare L.), and rye (Secale cereale L.), and oat (Avena sativa L.), as well as grasses produced for seed.
Trinexapac-ethyl has shown to be eff ective at reducing lodging in several crops. Wiersma et al. (2010) 
core ideas
• Trinexapac-ethyl decreased rice plant height and lodging on both clay and silt loam soils. • Trinexapac-ethyl at 12 g a.i. ha -1 did not decrease grain yield when applied at panicle diff erentiation on silt loam soils. • Grain yield response to trinexapac-ethyl varied by soil texture and N management strategy.
in hard red spring wheat. The researchers suggested that TE at 125 g a.i. ha -1 increased straw strength by 13% and decreased plant height by 9% without crop injury or affecting yield. Similarly, Dai and Wiersma (2011) reported across three application timings and two rates, TE was effective at decreasing plant height, improving stalk strength, and decreasing lodging when compared to a nontreated control in hard red spring wheat. Borm and van den Berg (2008) showed that TE reduced stem length and lodging in perennial ryegrass (Lolium perenne L.) and resulted in an average yield increase of ~10%. While currently labeled, only limited research has evaluated TE use in rice. Unan et al. (2013) reported TE at 100 and 200 g a.i. ha -1 reduced lodging and increased rice grain yield, and suggested that the optimum TE rate for rice is 170 g a.i. ha -1 . Similarly, Sezer et al. (2016) observed that TE decreased lodging and increased head rice milling yield and total milling yield, but the magnitude of the effect varied by cultivar. Han et al. (1999) showed that TE improved lodging related traits in rice, but did not affect rice grain yield. In contrast, Im et al. (1993) proposed that TE reduced rice lodging and observed 7 to 17% increases in grain yield with TE application. Dunand (2003) observed between 0 and 8% lodging with multiple TE rates compared to 38% lodging for nontreated rice and observed grain yield increases for 15 g a.i. ha -1 TE at internode initiation (19%) and 30 g a.i. ha -1 applied at late booting (R2 (15%). Similarly, Dunand (2004) reported that a low TE rate (15 g a.i. ha -1 ) increased grain yield by 2% while a large TE rate (30 g a.i. ha -1 ) increased grain yield by 3% compared to nontreated rice.
Although previous research has evaluated TE application in rice, only a limited amount of data is available describing TE use on drill-seeded, delayed flood rice production systems common to the midsouthern United States. Therefore, the objectives of this research were to evaluate the effect of multiple TE rates and timings on rice plant height, lodging, and grain yield for midsouthern U.S. rice produced utilizing the drill-seeded, delayed flood rice production system.
Materials and Methods
Field studies were conducted during the 2012 and 2013 growing seasons in the Delta area of Mississippi. In 2012 research was established at the Mississippi State University Delta Research and Extension Center (DREC) in Stoneville, MS (33°25¢ N, 90°54¢ W), on a Tunica clay (clayey over loamy, smectitic over mixed, superactive, nonacid, thermic Vertic Epiaquept) and on a commercial farm near Shaw, MS (33°60¢ N, 90°75¢ W), on a Forestdale silty clay loam (fine, smectitic, thermic Typic Endoaqualf) soil. In 2013 two experimental sites were established at DREC. The soil series at both 2013 DREC sites was a Sharkey clay (very-fine, smectitic, thermic Chromic Epiaquert) and on a commercial farm near Greenville, MS (33°37¢ N, 90°01¢ W) on a Commerce silt-loam (fine-silty, mixed, superactive, nonacid, thermic Fluvaquentic Endoaquept) soil. The preceding crop was soybean [Glycine max (L.) Merr.] for all site-years. Dates of relevant field operations and treatment applications are listed in Table 1 .
Clearfield (BASF, Ludwigshafen, Germany) long grain rice variety CL151 (Reg. no. CV-133, PI 654463) was seeded at all site-years. CL151 was chosen due to its popularity, high-yield potential, and susceptibility to lodging. Plots were drill seeded using a Great Plains drill (Great Plains Manufacturing, Salina, KS) at a rate of 90 kg seed ha -1 . Individual plots were 4.6 m in length and consisted of eight, rows spaced 0.2 m apart. A permanent 10 cm flood was established at the V3 growth stage (Counce et al., 2000) and maintained until 2 wk prior to combine harvest. Insects, diseases, and weeds were managed according to Mississippi State University Extension rice production guidelines (Buehring, 2008) .
Individual experiments were established in a randomized complete block with treatments defined by 2 (N application strategy) × 2 (TE application timing) × 4 (TE application rate) factorial arrangement. Each treatment was replicated four times at each site-year. Application rates and timings of TE were common across all site-years and consisted of 0, 12, 24, and 48 g a.i. ha -1 applied at R1 (panicle differentiation) or 14 d after R1 (R1+14). Two common rice N fertilization strategies were investigated in this study. The first consisted of 100% of the total N applied at V3 prior to flood establishment. The second consisted of 75% of the total N rate applied at V3 and the remaining 25% applied at R1. The total N rate applied at each site differed by soil texture, in accordance with Mississippi State University Extension guidelines . On silt-loam soils (Shaw in 2012 and Greenville in 2013) the total N rate was 168 kg N ha -1 , while on the clay soils (DREC sites) the total N rate was 202 kg N ha -1 . Urea (46-0-0) was the N source utilized in both pre-flood and R1 applications. V3 (preflood) N was applied with a custom-manufactured, self-propelled fertilizer distributor equipped with a belt cone (Wintersteiger, Inc., Salt Lake City, UT). The R1 application of N was broadcast by hand into each plot. Trinexapac-ethyl was applied with a CO 2 pressurized backpack sprayer calibrated to deliver a total spray volume of 23 L ha -1 at a ground speed on 4.8 km h -1 . Individual plots were separated by a 0.2 m buffer and TE was applied with a shielded spray boom to prevent TE contamination in adjoining plots. Prior to harvest two randomly selected plants in each plot were measured from ground level to the tip of the panicle to determine plant height. Immediately before harvest all plots were visually rated for percent lodging and lodging severity.
Lodging severity was assessed on a scale of 1 to 5, where 1 indicated fully erect plants, while 5 indicated horizontal plants matted on the ground. Plots were harvested when grain moisture for the latest maturing plots was below 220 g kg -1 with a small plot research combine (Wintersteiger, Inc., Salt Lake City, UT) equipped with a calibrated grain gauge (Harvest Master, Juniper Systems, Inc., Logan UT). All rice grain yields were adjusted to 120 g kg -1 moisture content for analysis.
Data were subjected to ANOVA using the PROC MIXED procedure in SAS Version 9.4 (SAS Institute Inc., Cary, NC). Site-years were considered environments and grouped by soil texture (clay vs. silt-loam). Replication was nested within environment and was considered a random effect, while TE rate, TE timing, and N strategy were considered fixed effects. For all analyses, the level of significance was set at 5%, and pairwise means comparisons were conducted according to Fisher's protected LSD (Carmer et al., 1989) . 
results and discussion
The rice cultivar used in this study, CL 151, is a popular variety in the midsouthern United States due to its high yield potential . The type of lodging commonly reported for this cultivar is stem lodging, involving bending and breakage of the upright culms. This characteristic lodging was the type of lodging observed in this study. While extreme weather events can cause lodging in rice, regardless of cultivar, rice producers noticed that CL 151 was likely to lodge regardless of weather conditions. However, weather data has been provided showing both precipitation and average wind speed during the grain-filling period (R3-R9) for the 2012 (Fig. 1) and 2013 (Fig. 2) growing seasons.
Lodging can be mitigated through a decrease in plant height, increase in stem diameter, or delaying sheath senescence. Differences in maturity were not observed between TE treated and nontreated rice. Similarly, stem diameter measurements were conducted, but differences in stem diameter were not observed between TE treated and nontreated rice (data not shown). Therefore, we will focus on differences in plant height observed in this study.
Plant height was influenced by the main effect of TE rate, TE timing, and N strategy with no interaction observed for silt-loam soil site-years (Table 2) . When averaged across TE timings and N strategies, all TE rates decreased rice plant height (Table 3 ). In general, for silt loam soils as TE rate increased rice plant height decreased. When averaged across TE timings and N strategies, TE applied at R1+14 decreased plant height by 3% (94 vs. 97 cm) compared to TE applied at R1 (Table 4 ). Splitting N application between 75% applied pre-flood and 25% applied at R1 also reduced plant height by 3% (94 vs. 97 cm), compared to a 100% pre-flood application.
On clay soils, rice plant height was influenced by the main effect of N strategy and the TE rate × TE timing interaction (Table 2) . Similar to rice on silt-loam soils, averaged over TE timings and application rates, the two-way split N application strategy (75% V3, 25% at R1) decreased plant height by 3% (95 vs. 98 cm) when compared to 100% of N applied at V3 (Table 5 ). All TE rates decreased plant height compared to nontreated rice, except the 12 g a.i. ha -1 rate of TE applied at R1 (Table 5 ). Rice plant heights were similar when treated with 12 g a.i. ha -1 rate of TE at both the R1 and R1+14 application timings (Table 6) . At the 24 g a.i. ha -1 TE rate, TE applied at R1+14 decreased plant height by 5% compared to the R1 TE application timing (93 vs. 98 cm). Similarly, plant height was decreased by 5% (88 vs. 93 cm) when the 48 g a.i. ha -1 rate of TE was applied at R1+14 compared to R1 application timing. Dunand (2003) observed between 4 and 17% reductions in plant height for rice treated with 15 or 30 g a.i. ha -1 applied at either internode initiation (R1) or booting stage (R2). Overall plant height in Dunand (2003) (nontreated = 114 cm) was somewhat greater than the average plant heights observed in this study (nontreated = 105 cm), possibly explaining the greater height reduction observed in Dunand (2003) .
For rice grown on silt-loam soils, percent lodging and lodging severity were affected by the main effect of TE rate (Table 2) . Percent lodging (13%) and lodging severity (1.5) were greatest in nontreated rice with a reduction in percent lodging and lodging severity observed for all TE rates evaluated (Table 3 ). In contrast, for rice cultivated on clay soils, both percent lodging and lodging severity were affected by an interaction of TE rate and N strategy. Percent lodging and lodging severity were the greatest when 100% of N was applied at V3 without TE (Table 7) . Splitting N application between 75% at V3 and 25% at R1 dramatically reduced both percent lodging (2 vs. 22%) and lodging severity (1.5 vs. 2.9) compared to 100% N applied at V3 without subsequent TE. Trinexapac-ethyl at 12 g a.i. ha -1 decreased lodging of rice with 100% N at V3 by 14% compared to nontreated rice (8 vs. 22%). The split N application strategy also decreased rice lodging within 12 g a.i. ha -1 TE (0 vs. 8%), however, percent lodging was similar between N strategies at 24 and 48 g a.i. ha -1 TE. Dunand (2003) observed greater percent lodging (nontreated = 38%) than observed in this study, likely resulting from the greater overall rice plant height and use of a non-semi-dwarf cultivar. However, across rates and timing TE decreased lodging to levels (0-8%) largely similar to those observed in this research.
Mean rice grain yield was influenced by the interaction of TE rate and TE timing for rice grown on silt-loam soils ( Table 2 ). Rice grain yield was similar between the 12 g a.i. ha -1 rate of TE and nontreated rice at the R1 timing (Table 8 ). However, grain yield was decreased by 4% when the 12 g a.i. ha -1 TE rate was applied compared to the nontreated at the R1+14 timing (12,674 vs. 13,175 kg ha -1 ). The 24 g a.i. ha -1 TE rate decreased rice grain yield by 5% at the R1 timing (12,500 vs. 13,091 kg ha -1 ) and by 8% at the R1+14 (12,086 vs. 13,175 kg ha -1 ) timing when compared to the nontreated. Grain yield was further reduced when TE rate was increased to 48 g a.i. ha -1 . When applied at R1, 48 g a.i. ha -1 TE decreased grain yield by 8% (12,076 vs. 13,091 kg ha -1 ), and by 15% (11,194 vs. 13,175 kg ha -1 ) at the R1+14 timing. Grain yield was greatest (13,175 kg ha -1 ) when TE was not applied and decreased 15% (11,194 kg ha -1 ) when 48 g a.i. ha -1 was applied at R1+14.
For rice grown on clay soils, grain yield was affected by the main effects of TE rate and N strategy with no interactions (Table 2) . Rice grain yield was similar between 24 g a.i. ha -1 TE compared to nontreated rice (Table 9 ). However, grain yield was decreased by 3% (11,823 vs. 12,163 kg ha -1 ) with 12 g a.i. ha -1 TE. Grain yield was also decreased by 6% for 48 g a.i. ha -1 TE when compared to nontreated rice (11,422 vs. 12,163 kg ha -1 ) . It is unclear why 12 g a.i. ha -1 TE would decrease grain yield but 24 g a.i. ha -1 TE would not. Grain yield at both TE application rates differed by only 18 kg ha -1 and no significant difference was observed between rates. Grain yields were likely similar between 12 and 24 g a.i. ha -1 TE, however this analysis does not lend a clear suggestion whether grain yields were similar or reduced compared to nontreated rice. Dunand (2003) observed a 19% increased grain yield with 15 g a.i. ha -1 TE applied at internode initiation and a 15% yield increase for 30 g a.i. ha -1 TE applied at late booting stage (R2). While increases in grain yield were not observed in our research, likely due to low percent lodging and lodging severity, the influence of TE on rice grain yield varied by TE rate and TE timing. Research conducted by Dunand (2004) with total rice grain yields similar to those we observed reported only a 2% grain yield increase for the 15 g a.i. ha -1 TE rate and a 3% grain yield increase for the 30 g a.i. ha -1 in the absence of lodging. The effects of TE on rice grain yield appear to vary based on the amount of lodging present, and inherit lodging potential of the cultivar evaluated.
In general, as TE rate increased grain yield decreased with application rates up to 48 kg a.i. ha -1 TE on both silt-loam and clay soils in Mississippi. Unan et al. (2013) observed increased rice grain yield for TE rates up to 200 g a.i. ha -1 and suggested that the optimum TE rate in rice was 170 g a.i. ha -1 . The TE rates utilized by Unan et al. (2013) are dramatically greater than the rates evaluated in our research. Similarly vast differences in varieties, environmental conditions, and agronomic production practices likely limit comparison between experiments. Differences in rice maturity or harvest date were not observed with the use of TE in this study. When averaged across TE rates and timings 100% of N applied at V3 resulted in 4% (12,083 vs. 11,542 kg ha -1 ) greater grain yield than the split application strategy. Multiple studies evaluating modern rice cultivars have reported increased grain yield when all N fertilizer is applied preflood compared to split applications (Bollich et al., 1994 , Norman et al., 2000 Slaton et al., 2003; Bond et al., 2008; Corbin et al., 2016) .
conclusion
The results of our research show that TE has potential for decreasing lodging in modern rice cultivars produced in the drill seeded, delayed flood production system characteristic of the midsouthern United States. Similar to other crops, plant height decreased with increasing rates of TE, resulting in decreased lodging compared to nontreated at all rates evaluated in this study. While lodging was decreased, the effects of TE on rice grain yield were variable among environments. For silt-loam soils, 12 g a.i. ha -1 TE applied at R1 produced grain yield similar to nontreated rice, but when applied at R1+14 rice grain yield was reduced. Greater TE rates reduced grain yield compared to the nontreated but the magnitude of the yield decrease varied by application timing. These results indicate that both the timing of TE application and TE rate are important considerations for producers considering TE application in commercial rice production. Future evaluations to further investigate the TE rate × TE timing interaction on rice grain yield will be necessary to develop robust recommendations for TE use in rice. Furthermore, plant height, lodging, and grain yield responses to TE varied by soil texture, meaning that future TE recommendations will require consideration of both of these factors. Splitting N between V3 and R1 applications, dramatically reduced lodging, but also reduced grain yield. The use of TE could allow producers to apply a full N rate at V3 (preflood) and still limit lodging. Overall, the results of this study indicate that TE could potentially be a useful tool for midsouthern U.S. rice producers, however, more research is needed to refine appropriate use guidelines for multiple agronomic management practices and cultivars. references
